Abstract. We have measured near normal incidence far-infrared (FIR) reflectivity spectra of a single crystal of TbMnO3 from 10 K to 300 K in the spectral range of 50 cm −1 -700 cm −1 . Fifteen transverse optic (TO) and longitudinal optic (LO) modes are identified in the imaginary part of the dielectric function ε 2(ω) and energy loss function Im(−1/ε(ω)), respectively. Some of the observed phonon modes show anomalous softening below the magnetic transition temperature TN (∼46 K). We attribute this anomalous softening to the spin-phonon coupling caused by phonon modulation of the superexchange integral between the Mn 3+ spins. The effective charge of oxygen (ZO) calculated using the measured LO-TO splitting increases below TN.
Introduction
Multiferroics are materials in which electric and magnetic properties are correlated. These materials have attracted much attention in recent years because of their magnetoelectric phenomena as well as potential applications [1] [2] [3] [4] . Only a few systems with strong magnetoelectric effect are known because proper ferroelectricity and magnetism tend to be mutually exclusive and interact very weakly whenever they coexist [5] . Much of the recent interest is in systems with improper ferroelectricity, which is due to the exchange striction in magnetically ordered states [1] and this produces strong coupling between magnetic and ferroelectric order parameters. A strong coupling between spin, charge and lattice degrees of freedom in perovskite manganite, RMnO 3 (R = rare earth), gives many competing phases. An identification of large magnetoelectric and magnetocapacitive effects in undoped perovskite manganites with small-sized R cations, e.g., TbMnO 3 and DyMnO 3 , has made the family of manganites even more interesting [6, 7] . It has been shown that an external electric field can change the magnetic domain distribution [8] . Depending on the size of the R-ion, these materials have two kinds of crystal structure. RMnO 3 crystallize in orthorhombic structure for R with larger ionic radius (R = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb and Dy) and in hexagonal structure for R with smaller ionic radius (R = Ho, Er, Tm, Yb, Lu, Y). All the RMnO 3 perovskites show a distortion of MnO 6 octahedra due to the Jahn-Teller (JT) effect of Mn 3+ cations [9] [10] [11] . At room temperature, RMnO 3 shows paramagnetic and insulating behaviour. The latter arises from splitting of the e g level of the d-electrons of the Mn-ions, caused by the JT distortion of the MnO 6 octahedra.
TbMnO 3 is orthorhombic (space group Pbnm) at room temperature and shows an incommensurate lattice modulation at T N for sinusoidal antiferromagnetic ordering, with T N ∼ 41 K [6] or T N ∼ 46 K as reported by Bastjan et al [12] . Ferroelectric order develops at the incommensurate-commensurate transition temperature T FE ∼27 K [6]. The lattice modulation below T N is caused by the Mn 3+ ions increasing their exchange interaction energy by shifting their positions [13, 14] . It has been suggested that the origin of ferroelectricity in TbMnO 3 is induced by the complex spin structure [7] . As the temperature is further lowered, rare-earth Tb 3+ ions also order antiferromagnetically in TbMnO 3 at T ∼ 7 K [6]. The role of phonons in manganites has been studied in recent years using Raman and infrared spectroscopies. In recent years, focus has been on the electromagnons observed below 150 cm −1 [15] [16] [17] [18] [19] . Electromagnons are the spin waves that are excited by an AC electric field. These electromagnons are qualitatively different from the spin-phonon coupling. It has been shown that in RMnO 3 (R = La, Nd, Sm, Gd, Dy and Pr), a few Raman phonons involving oxygen vibrations are anomalous, i.e. the phonon frequency decreases as temperature is lowered below T N [20] [21] [22] and this is attributed to spin-phonon coupling. However, there have not been detailed temperature-dependent studies on infrared (IR) phonons in RMnO 3 , except the work of Paolone et al [23] wherein they have reported IR mode frequencies at 300 K and 10 K for undoped and doped LaMnO 3 . From their tabulated data, it is seen that three modes in undoped and one mode in doped samples show lower frequencies at 10 K as compared to their values at 300 K. In this paper, we report a detailed temperature-dependent study of infrared phonons in TbMnO 3 in the 10-300 K range.
Experimental details
A floating-zone furnace fitted with two ellipsoid halogen lamps (NEC-Japan) with radiation heating was used to grow single crystals of TbMnO 3 . Polycrystalline rods (feed and seed) were prepared by conventional solid-state reaction method. Stoichiometric mixtures of the starting materials Tb 2 O 3 and MnO 2 were weighed in the
